To achieve dosage compensation of X-linked gene expression, female mammalian cells inactivate one X chromosome through a process called X-chromosome inactivation (XCI). A central component of this process is the X-encoded long non-coding RNA Xist. Following upregulation from one X chromosome, Xist spreads in cis, kicking off a plethora of events that ultimately results in stable X-linked gene repression, which is then faithfully transmitted to all daughter cells. In the last decades, intensive work has been undertaken to understand each of the steps in XCI, namely Xist transcription control, Xist spreading and localization, and silencing of gene expression. Recently, several groups have spearheaded the research of Xist's interactome and the factors involved in silencing. Several novel proteins have now been shown to be required for the transcriptional silencing of the X chromosome and/or Xist spreading and localization to the inactive X chromosome. Here, we review these new findings in the context of existing knowledge about Xist-interacting factors.
Introduction
In mammals, the process by which cells suppress expression from one of the X chromosomes is referred to as X-chromosome inactivation (XCI), and occurs in the mouse in two waves: imprinted XCI (iXCI) results in inactivation of the paternal X chromosome in all of the cells of the embryo during pre-implantation development; in the epiblast, at around E5.5, the cells within the inner cell mass reactivate the paternal X chromosome and briefly thereafter inactivate either the maternal or the paternal X chromosome in what is called random XCI (rXCI). The X-linked long non-coding RNA (lncRNA) Xist is crucial for XCI since Xist knockouts are lethal when paternally transmitted, due to the failure of inactivation of the paternal X chromosome during iXCI [1] . Moreover, Xist heterozygote embryos only inactivate the wild-type X chromosome. Once Xist is upregulated from the future inactive X chromosome, a series of steps leads to complete repression of this X chromosome, and its inactive state is faithfully passed on to all daughter generations, epitomizing epigenetic regulation of gene expression. XCI begins with the upregulation of Xist and coating of the X chromosome in cis. Genes on this X chromosome are subsequently recruited to an inactive domain from which transcription factors and RNA polymerase II are excluded and active histone marks are removed. During XCI, Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) are recruited, modifying histone tails with repressive marks, such as trimethylation of lysine 27 of histone H3 (H3K27me3) and ubiquitination of histone H2A lysine 119 (H2AK119Ub). Gene repression is locked by eventual CpG methylation (although a set of genes, called escapees, escape XCI). During the last two decades, studies have looked into how Xist localizes to and silences the X chromosome. Here, we review what is known about the factors that are required for Xist's localization to the inactive X chromosome and for Xist-mediated repression of this chromosome, and we focus on very recent work that has looked into new additional Xist interactors and their function in XCI.
Sticky Xistence
Xist is among the few lncRNAs that are not exported out of the nucleus but have the remarkable capacity to stick to nearby chromatin in cis. In fact, there is little diffusion of Xist RNA. Xist contains several large repetitive areas that have been implicated in localization to and silencing of the X chromosome. One protein shown to be required for Xist localization is YY1: Jeon and Lee [2] showed that knockdown of YY1 in female mouse embryo fibroblasts resulted in a strong decrease in the number of cells with Xist clouds, although YY1's role is more related to the tethering of Xist molecules to the nucleation site on the inactive X chromosome. These authors also found that repeat C, among other repeat regions in Xist exon 1, interacts most strongly with YY1. This is in line with another study showing that locked nucleic acids (LNAs, i.e. modified RNA molecules that stably bind their target RNA or DNA) specific for this repeat delocalize Xist from the inactive X chromosome [3] . Another protein discovered to be required for the localization of Xist to the X chromosome is the nuclear matrix protein hnRNPU (also known as SAF-A). Knockdown of hnRNPU results in loss of Xist clouds, loss of H3K27me3 domains associated with the inactive X chromosome, and the absence of concomitant X-chromosome silencing during embryonic stem (ES) cell differentiation [4] . Unlike YY1, hnRNPU might act more at the level of overall Xist association with the inactive X chromosome. The SAF DNA-binding domain and RGG RNAbinding domain of hnRNPU are required for its interaction with DNA and with a central part of Xist exon 1, respectively: deletion of either domain results in delocalization of Xist from the inactive X chromosome. In addition, Xist exon 7 has recently been reported to interact with hnRNPU [5] : truncating exon 7 leads to impaired localization of Xist to the inactive X chromosome and reduced silencing of X-linked genes. It appears, therefore, that hnRNPU and YY1 are important for Xist recruitment to the inactive X chromosome.
PRC2's Interaction with Xist
Further work by other groups has shed light on the Xist-mediated mechanisms of silencing of the inactive X chromosome. By overexpression of various Xist deletion mutants, Wutz and colleagues [6] identified a repetitive region within Xist exon 1 -the A repeat -that is important for Xist-mediated silencing but not for Xist localization to the X chromosome. Despite the absence of silencing observed in cells expressing a version of Xist lacking the A repeat, X-linked H4 hypoacetylation and H3K4 hypomethylation were still observed [7] . The Xist A repeat has been suggested to interact with PRC2 directly [8, 9] , possibly through its catalytic methyltransferase subunit EZH2 [10] , although this interaction might be indirect, with the chromatin remodeler ATRX serving as a bridging factor [11] . Conflicting results have indicated that the Xist-PRC2 interaction might not occur through the A repeat or might involve redundant mechanisms, given that Xist transgenes with A repeat deletions do recruit PRC2, albeit less efficiently [12] . These findings would be in line with work from Da Rocha and colleagues [13] , which indicates that the interaction of PRC2 with Xist occurs through its B and F repeats instead, and that PRC2 is recruited to Xist through its transiently associated Jarid2 subunit [13] . Subsequent work involving high-resolution microscopy suggests that PRC2 does not interact with Xist directly [14] . Such apparently contradictory results might be due to a number of reasons, such as the use of different cells, the use of male versus female cells, and different fixation protocols and techniques. All in all, it is clear that Xist's interaction with PRC2 remains a controversial issue that needs further investigation. (A) Representation of the spliced Xist RNA, with repeats A, B, C, D, E, and F marked. On the upper side, factors interacting with specific Xist RNA sequences are represented. hnRNPU interacts with both exon 1 and exon 7. (B) Model of the sequence of events leading to silencing of the X chromosome. Xist RNA interacts with SPEN and RBM15. SPEN recruits SMRT, resulting in recruitment and/or activation of HDAC3 and deacetylation of H3K27. This allows for recruitment of PRC2 and PRC1, which respectively methylate H3K27 and ubiquitinate H2AK119. Ubiquitinated H2AK119 has also been suggested to attract PRC2 [26] . Eventually, macroH2A is recruited to the X chromosome, together with the DNA methylation machinery (DNMT3a/b and DNMT1), leading to CpG methylation.
SPEN
To better understand the sequence of epigenetic events on the inactive X chromosome and to expand the list of factors interacting with Xist, several recent studies have made use of UV light or paraformaldehyde as crosslinking agents, followed by pull-down of the Xist lncRNA and its associated proteins, which were then analyzed by mass spectrometry. An exciting new Xist interactor that recurrently appears in these latest studies is SPEN (also known as SHARP) [15] [16] [17] [18] . SPEN belongs to the SPEN family of transcriptional repressors and contains four RNA-binding domains and a SPOC domain located in the carboxy-terminal part of the protein [16] . SPEN interacts with the SMRT component of the transcriptional co-repressor complex, which interacts with and activates the histone deacetylase HDAC3, leading to repression of gene expression [19, 20] . SPEN's role in silencing the X chromosome was functionally investigated by four different groups [16] [17] [18] 21] . Monfort et al. [17] used a male haploid ES cell system where Xist can be induced from the endogenous locus using doxycycline. Upon induction, cells die due to repression of the single X chromosome. Using a viral mutagenesis strategy, the authors screened for factors that, when mutated, increase cell viability, i.e. via inhibition of XCI. Subsequent analysis of SPEN-deleted haploid ES cells revealed that the repression of X-linked genes was abrogated compared with wild-type haploid ES cells. Xist still localized to the inactive X chromosome, but PRC2 recruitment was reduced. Moindrot and colleagues [21] took advantage of a male cell line in which a doxycycline-inducible Xist transgene and a GFP reporter are engineered in cis on chromosome 17. Using a lentiviral short hairpin RNA (shRNA) library, the authors screened for proteins whose knockdown upon Xist induction would result in increased GFP expression. This screen also revealed SPEN as one such factor. When SPEN was knocked down, Xist still localized to the inactive X chromosome, but the percentage of cells with nascent RNA foci of the X-linked genes Pgk1 and Rnf12 within the Xist clouds increased, suggesting that SPEN is required for silencing and not Xist localization. Similar results were reported by Chu et al. [18] , who showed that SPEN knockdown in female ES cells resulted in increased number of cells with biallelic signals of the X-linked genes Rnf12 and MeCP2. McHugh et al. [16] used a doxycycline-inducible Xist system to show that Xist's ability to silence the X-linked gene Gpc4 was abolished following depletion of SPEN. The four studies conclude that SPEN depletion [16, 18, 21] or deletion [17] does not abrogate Xist localization to the X chromosome but does lead to compromised transcriptional silencing.
How does SPEN interact with Xist and what is its mechanism of action? The Xist A repeat region represented an obvious target for SPEN recruitment since it is required for Xist-mediated transcriptional silencing but not for Xist localization or spreading [6] . Indeed, in pull-down experiments from ES cells harboring either wild-type Xist or an A-repeat-deleted Xist mutant, Chu et al. [18] found that SPEN could not bind mutant Xist [18] . Moreover, the SPEN RNA-recognition motif domains could interact with the A repeat in vitro [17] . To answer the question of how SPEN effects silencing of the X chromosome, McHugh and colleagues [16] looked into the SPEN-SMRT-HDAC3 link and found that knockdown of SMRT or HDAC3 also reduced silencing of the X-linked gene Gpc4 upon Xist induction. In fact, RNA polymerase II was recruited to the X chromosome in the absence of SPEN or HDAC3. The authors did not detect a direct interaction of PRC2 with Xist but showed that either SPEN or HDAC3 knockdown reduced recruitment of the PRC2 subunit Ezh2 to the Xist-coated domain. These findings indicate that PRC2 recruitment to the inactive X chromosome is dependent on SPEN and HDAC3, although it is not clear whether this recruitment is dependent on the direct interaction of PRC2 with the SPEN-SMRT-HDAC3 complex or whether the silenced transcriptional state is effected by SPEN-SMRT-HDAC3.
RBM15 and WTAP
The SPEN family member RBM15 and the core subunit of the m6A RNA methyltransferase complex, WTAP [22] , were also reported to interact directly with Xist [15, 16, 18] and/or to be required for the transcriptional silencing of the X chromosome [21] . Although RBM15 and SPEN belong to the same family of SPEN transcriptional repressors, they have non-redundant functions. RBM15 has three RNA-binding domains and a carboxyterminally located SPOC domain, similar to SPEN. Knockdown of RBM15 or WTAP did not delocalize Xist from the inactive X chromosome but resulted in an increased percentage of cells with Pgk1 and Rnf12 RNA signals within Xist clouds [21] , indicating that RBM15 and WTAP are required for transcriptional repression. In contrast, McHugh and colleagues [16] showed that RBM15 depletion did not result in derepression of the X-linked Gpc4 gene. This discrepancy might be due to the fact that the effects of the knockdown were partial, other repressive mechanisms were acting redundantly, or only a few genes were analyzed. RBM15 knockdown also resulted in a decrease in the intensity and size of H3K27me3 domains. How RBM15 effects repression of the X chromosome is still to be investigated. One possible mechanism of action could be through its interaction with the RNA nuclear export proteins NXT1/2 and NXF1 [23] . WTAP, like SPEN, interacts with Xist through its A repeat [18] and might be important for Xist RNA stability through methylation of N6-adenosine residues [21] . hnRNPK Several of these recent studies confirmed the previously reported interaction between Xist and hnRNPU [4, 15, 16, 18] . Knockdown of hnRNPU also results in derepression of genes in cis with Xist, as previously reported [4, 16, 18 ]. An additional member of the hnRNP protein family, hnRNPK, was pulled down with Xist from differentiating ES cells carrying a doxycycline-inducible Xist transgene on chromosome 11, and also in wild-type epiblast stem cells and trophoblast stem cells [18] . As with hnRNPU, knockdown of hnRNPK resulted in decreased silencing of the Grb10 gene located on chromosome 11 after induction of Xist. The levels of the PRC2 subunit EED1 and of the repressive marks H3K27me3 and H2AK119Ub on the inactive X chromosome were reduced upon hnRNPK knockdown, while global levels of H3K27me were unchanged. The authors Current Biology also showed that hnRNPK interacted with the entire Xist RNA molecule, although this interaction was slightly stronger downstream of repeat F in exon 1. Depletion of hnRNPK did not result in delocalization of Xist [18] , in contrast to findings with hnRNPU [4, 18] . Altogether, hnRNPK depletion mirrors SPEN depletion: both proteins are not required for localization of Xist to the inactive X chromosome but are necessary for the deposition of repressive histone marks. It is tempting to suggest that Xist is linked to PRC-dependent chromatin modifications via its F repeat, given that both hnRNPK and PRC2 interact with this region [13, 18] .
Other Proteins
Several additional proteins belonging to the SWI/SNF chromatin remodeling factor family, topoisomerase family and cohesin complexes have been identified in these five high-throughput screens. Knockdown of the SWI/SNF family members SMARCA4 or SMARCC2, the cohesin subunit Rad21 or topoisomerase I (TOP1), in combination with inhibition of DNA methyltransferase 1 (DNMT1) and TOP2a/b, resulted in increased expression of a GFP reporter on the inactive X chromosome, while Xist localization and H3K27me3 clusters were not compromised [15] . The lamin B receptor (LBR) is anchored to the inner side of the nuclear membrane and binds to lamin B and heterochromatin [24] . LBR directly interacts with Xist [16] and is important for Xist-mediated silencing, as its knockdown greatly abolished silencing of the X chromosome [15, 18] ; unlike SPEN, however, LBR is not required for RNA polymerase II exclusion and PRC2 recruitment [16] . Further studies are needed to determine which regions of Xist interact directly with these proteins to obtain more functional insights into their role in X-linked gene repression.
Conclusions
In the last decades, many groups have delved into investigating which factors are required for Xist localization and transcriptional silencing of the X chromosome. Five recent studies have expanded the list of factors that interact with Xist and are required for X-linked gene repression [15] [16] [17] [18] 21] ( Figure 1A and Table 1 ). Two common factors identified in all of these studies are SPEN and the SPEN family member RBM15 (Table 2) . Depletion and/or deletion of SPEN or RBM15 compromises XCImediated gene silencing, despite Xist recruitment being properly induced or maintained [16] [17] [18] 21] . Altogether, a model arises whereby Xist recruits SPEN and SMRT, which recruit and/or activate HDAC3, resulting in deacetylation of histones and subsequent recruitment of PRC2 concomitant with H3K27me3 deposition ( Figure 1B ). Methylation of H3K27 seems to happen only after H3K27 has been deacetylated (reviewed in [25] ), lending support to this sequence of events. PRC1 and DNMT1 are additionally recruited to faithfully shutdown the expression of the X chromosome. RBM15 and WTAP also repress transcription, although their mechanisms of action are still unclear. hnRNPK depletion phenocopies SPEN depletion, resulting in loss of repression of X-linked genes despite proper Xist localization. In spite of these exciting new insights, several open questions remain. What are the mechanisms of action of RBM15, WTAP and hnRNPK? Are silencing and maintenance of silencing mechanistically different? What is clear, in light of the results from these recent studies, is that the silencing of the X chromosome involves a wide range of proteins and epigenetic mechanisms, such as chromatin modifications, chromatin remodeling, and nuclear membrane attachment. Even clearer is that several of these proteins are required solely for the silencing of the X chromosome and not for Xist recruitment and spreading on the chromosome, mechanistically segregating the different stages of XCI even further. 
